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Reduction rate / Sorption / Neptunium(V) / Neptunium(lV) / The redox reaction in a single solution phase (homogeneous

Magnetite solution) may differ completely from that in a mixture of
solution and solid phases (heterogeneous solution with mag-
netite). Therefore, a comparative study of the difference

Summary. The sorption kinetics of neptunium on magnetite in redox reactions between homogeneous solution and het-

was investigated under both aerobic and anaerobic conditionérogeneous solution with magnetite is important for un-

in 0.1molL™* NaNO; at pH=5.7 to 5.9. It was found that gerstanding the migration behavior of neptunium in the

the sc.)rptior:\ of OIneptunlulrjr) on mda}?netlte rr??chtest zi\(n eqlL(')'“hb'subsurface.

rnum in under aeropic conditions, wnile It takes . . . .

or more to reach the equilibrium under anaerobic condi- In the present_work, sorption kinetics _experlments_of
Np(V) on magnetite (F£,) under anaerobic and aerobic

tions. The difference in sorption kinetics between aerobic 7 . . . -
and anaerobic conditions took place because sorption kiconditions were carried out in order to investigate the reduc-

netics under the anaerobic condition involved the reductiontion of Np(V) to Np(IV) by Fe(ll) in heterogeneous solu-
of Np(V) to Np(lV), confirmed by an extraction technique tion contacting magnetite. Comparing the different sorption
using 05 molL! TTA in xylene and 20molL* HNO; so-  kinetics between anaerobic and aerobic conditions, we cal-
lution. The reduction rate of Np(V) by Fe(ll) in magnetite culated the reduction rate of Np(V) in the heterogeneous
was calculated in solution with magnetite. It was found thatsolution. Through a comparison of the reduction rate in het-
Np(V) was reduced 1000 or more times faster in solutiongrogeneous solution contacting magnetite with that in ho-
with magnetite than the Np(V) reduction by Fe(ll) ions in m,0enequs solution, the reduction mechanism in heteroge-

homogeneous solution. It was revealed that the reduction of,,¢ nentunium solution contacting magnetite is discussed.
Np(V) in solution with magnetite took place on the surface

of magnetite.
2. Experimental

2.1 Chemicals

Magnetite powder was obtained from Rare Metallic Co..

The magnetite powder was sieved to a particle size smaller

chemical stability of its pentavalent state, N9Q1, 2]. The than 25qum, washed with deionized water and air-dried be-
éore the sorption experiment. The specific surface area of

oxidation state of neptunium is reported to have a dramati i .
effect on its speciation, solubility and sorption behavior [3], magnetite powder was@nr g, as measured by the BET
method with N gas.

and understanding of the redox reaction of neptunium is cru- . , . =
cial to describing the mobility of neptunium in natural water. Negtunlur&wfof %CEEO(;AW)' Ia d'Imt 2612 T[ﬁlcll‘ . H_NOd3
The Fe(ll) and Fe(lll) system is considered to be one of theVas obtained from » and diluted with deionized wa-

. 3 9 ; .
pairs that control redox conditions in groundwater environ-Eﬁ: to qgtatl_m Z(thtlcrf moItI_ .neptumum ?'tockdstolugon.
ments. Iron oxides and iron-c@ihing minerals also play an € oxidation state of néptunium was confirmed to be pen-

important role in controlling the redox condition and reac- taval_ent because no eV|den_ce of t_he preser_ul:e of Np(l\_/) was
. . obtained by solvent extraction using@nol L~* thenoyltri-
tions in natural groundwater. f i TTA) | | 6

Previous studies revealed the possibility that Fe(ll)- uoroacetone (TTA) in xylene [6].
bearing minerals act as catalysts for redox reactions [4, 5]2 2 Procedures

1. Introduction

Neptunium-237 is one of the most radiologically important
radionuclides because of its long half-life, toxicity and high

* Author for correspondence All experiments under the anaerobic condition were carried
(E-mail: k-nakata@criepi.denken.or.jp). out in an atmospherically controlled chambes, (©1 ppm)
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with high-purity Ar gas. All of the solutions and samples a 045um pore-size membrane filter. To determine the effect

used for experiments under the anaerobic condition wer®f Fe(ll), sorption and extraction experiments on hematite

deaerated by bubbling them with high-purity Ar and plac- (Fe0;) were also carried out in the same way as that for

ing them in an atmospherically controlled chamber aftermagnetite.

bubbling for at least 7 d to remove the oxygen before the In this work, the concentration of neptunium was meas-

experiment. ured using arx—8 discriminating liquid scintillation ana-
lyzer (TRI-Curve, Packard Institute).

2.2.1 Sorption kinetics

Three series of batch experiments were conducted to in-
vestigate neptunium sorption kinetics. In the first series of3, Resultsand discussion
experiments, sorption kinetics over a period of 10d was, . o . .
inv%stigated undgr the anaerobic cond?tion. In the second-1 SOrption kineticsand calculation of reduction rate
series of experiments, rapigrption kinetics that occurred |n the previous study [7], we carried out sorption and de-
within 6 h was investigated under the anaerobic conditionsorption experiments involving neptunium on magnetite and
The intervals of measurement were set to 1 h. In the thirchematite under aerobic and anaerobic conditions to inves-
series of experiments, sorption kinetics under the aerobigigate the possibility of the reduction of Np(V) to Np(IV)
condition was investigated. at pH 4 to 8 within 7 d. After the sorption experiment, the

Batch experiments were conducted at room temperaturgominant valence state of sorbed Np was confirmed by
by mixing 3 g of magnetite with 150 mL solution for the extraction with TTA in xylene and.2 molL~* HNO; so-
first and third series, and.Ib g of magnetite in BmL  |ution. The sorption behavior of neptunium on magnetite
solution for the second series using a 50 mL polytetraflu-under the anaerobic condition was completely different from
oroethylene centrifuge tube and a 150 mL polytetrafluo-that under the aerobic condition. The amount of neptunium
roethylene vessel. The pH of solution was adjusted to 5.%orbed on magnetite under anaerobic conditions was about
to 5.9 with HNQ and NaOH. Neptunium solution was 2 to 3 times greater than that under aerobic conditions.
added so that the initial concentration of neptunium wasThis suggests that the dominant valence state of neptunium
1.8x 10°molL" in each series. The initial valence state sorbed on magnetite under anaerobic conditions is Np(IV),
of neptunium was Np(V), confirmed by extraction with while that under aerobic conditions is Np(V). The Np(IV)
TTA/xylene solution. After adding neptunium solution, pH jon in a liquid phase was not found under either aerobic or
was immediately adjusted to 5.7 to 5.9 and the samples wergnaerobic conditions.
well shaken manually, and then the samples were placed These results indicate a possibility that the reduction
at room temperature. After a prescribed time had elapsedate of Np(V) in heterogeneous solution with magnetite
1.0 mL of the suspension was taken from each vessel and filis calculated by comparing the sorption kinetics between
trated with a 045um pore-size membrane filter to separate anaerobic and aerobic conditions. The amount of nep-
the solids from the solution. Blank tests withlGnolL™*  tunium sorbed under anaerobic conditions includes the
NaNG; solutions were carried out in parallel with the sorp- species sorbed as Np(IV) and Np(V), while the amount
tion experiments in order to measure the neptunium sorptiomf Np sorbed under aerobic conditions can be regarded
onto the vessel wall. During the sorption experiment, pHto consist almost solely of Np(V). Therefore the value
was repeatedly adjusted to carry out the experiment at the[Npa4(t) lanaeronicNPmag(t) laeronid  Shows the amount  of
defined pH. Np(IV) sorbed on magnetite at timiewhere[Npmag(t) lanaerobic

and [NPmag() laerobic (MOl g~*) are the amounts of Np sorbed

2.2.2 Deter mination of valence state of sorbed neptunium 0N 1 g of magnetite under anaerobic and aerobic conditions

with magnetite ics under anaerobic and aerobic conditions was investigated

to calculate the reduction rate in heterogeneous solution
To investigate the oxidation state of neptunium sorbed orcontacting magnetite. Furthermore, this consideration was
magnetite as a function of the time in contact with neptu-confirmed by investigating a change in the oxidation state
nium solution, the following extraction technique was ap- of neptunium sorbed on magnetite as a function of its time
plied [7]. First, the sorption experiment was carried out atin contact with neptunium solution using the extraction
room temperature by mixing 1 g of magnetite with 50 mL technique.
solution using polytetrafluordieylene centrifugal tubes. The The results of sorption kinetics experiments on magnetite
procedure of the sorption experiment is the same as thdbr 10d and 6 h are summarized in Fig. 1. It was found that
described in sorption kinescexperiments. After the pre- the sorption of neptunium on magnetite reaches an equilib-
scribed time (5h, 1d, 2d and 4 d) had elapsed, solid and lirium in 1 h under the aerobic condition, while it takes 10 h
quid phases were separated, and the solid phase was usedinmore to reach the equilibrium under the anaerobic con-
the extraction experiment. Twenty milliliters offmol L dition. It was conjectured that the different sorption kinetics
TTA in xylene and 20 mL of D molL-* HNO; solution  between the aerobic and anaerobic conditions was due to the
were added to the solid phaséesfthe sorption experiment. reduction of Np(V) to Np(IV) and its sorption on magnetite
The samples were well shaken for 3 min, and then wateunder the anaerobic condition.
and xylene phases were separated and the concentration of If the reduction rate of Np(V) in heterogeneous solution
neptunium in each phase was measured after filtration witltontacting magnetite under the anaerobic condition follows
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oo T L e “on ! ! dition can be described as

S X - anaerobic S S O O O

H o £ SO0 d[Np(V

2 O 8 S 2 anaerobic _ dNpV)I =1.0x10*[Np(V)] (molL™*s™). 3)

5 o O B dt

R o) 1 £ 1 The kinetics of the reduction of Np(V) by Fe(ll) in

: O . 2 , the homogeneous solution phase has been reported [8, 9].

3 aerobic 54 aerobic . . . . .

£ Omo O £ O 0 Huizenga [8] investigated this reaction under the follow-

o OQ@D‘ ! . a i ‘ e ing conditions: the temperature of 25; ionic strength

“ 0 2 4 6 “ 0 100 200 of 0.1 molL! (NaClQ,); and initial concentrations of
Time (h) Time (h) [Np(V)] = 3.79%x 103 molL™?, [Fell)] = 240x 1073

Fig.1. The amount of sorbed neptunium on magnetite as a functionmolL™" and [H*] = 3.29x 10° molL™*. The kinetics of
of time at pH=5.7 to 5.9 in 01 molL~* NaNO; solution under aer- this reaction in acidic solutions is described as

obic and anaerobic conditions. The initial concentration of Np(V) is dINpP(V)]

1.8 x 10°°molL™t. The amount of magnetite is 1g and volume of p 2 n

liquid phase is 50 mL. o dt = 7.8x 10 [Fe(ID][HINp(V)]

(molL™*s™?), (4)

the pseudo-first order, the reduction rate is described as ) ) S o
the equation obtained by considering the rate-determining

~ dINp(V)T _ d(INPmag(t) Janaerobic— [NPmag(t) Jaerobic step involving hydrolyzed species of neptunium. Although
dt o dt it is applicable under relatively acidic conditions, Eq. (4)
= kINp(V)] (molLts™), (1) can be used to obtain the reaction rate even a&f@D.

The reaction rate obtained from Eq. (4) wiftd*] =
wherek is the reduction rate constant. We can obtain EqQ. (2),1 x 1057 molL-* was

by integrating Eq. (1)
diNp(V)] e
. ([Npmag(t)]anaerobic_ [Npmag(t)]anaerobig _ exp(—kt) N dt =78x 108 [Fe(” )] [Np(V)] (mOI L ' S l).
B ’ ()

[Nptotal] 5
@ Furthermore, we investigated the kinetics of the reduc-
where[Np,w] (Mol g?) is the amount of neptunium sorbed tion of Np(V) by Fe(ll) in a homogeneous solution phase
on 1g magnetite in the case where all of the addedunder the following conditions: the temperature of°€%
neptunium is sorbed on magnetite. Under the experiionic strength of G moll* (NaNGQ;); and initial con-
mental condition described above, Npis calculated as centrations of [Np(V)] =22x 10%molL™, [Fell)] =
9.0x 10" molg™. 2.2x10°molL™?* and [H']=1.0x10°®molL™t. From
Fig. 2 shows il — ([NPmag(t)lanaerobic— [NPmag(t) laerobio Eq. (4), only 2x 10 mol L~* of Np(V) would be reduced
/9.0x 107"} versus time. In Fig. 2, it is clearly indicated even after 7 d, since Np(V) was in contact with Fe(Il) under
that the value {1 — ([NPmag(t)]anaerobic— [NPmag(t)laerobic) the conditions of this experiment. The Np(V)-Np(IV) and
/9.0 x 1077} follows the pseudo-first order. As indicated in Fe(ll)-Fe(lll) concentrations as a function of time are shown
Eq. (2), the slope of the line in Fig. 2 represents the reductionn Fig. 3(a) and (b). No obvious change in the concentrations
rate constant of Np(V) in heterogeneous solution with mag-of Np(V) and Fe(ll) was observed. Furthermore, the concen-
netite under the anaerobic condition. From the least squaresations of Np(IV) and Fe(lll) wee under the detection limit
fit of the experimental data to Eq. (2), the reduction rate con-even after 7 d. These results indicate that even at@-0 in
stantk was determined to bex10*s%. Therefore, under 0.1 molL-! NaNG; solution, the reduction rate of Np(V) by
this experimental condition, the reduction rate of Np(V) in Fe(ll) in the homogeneous solution phase is low. Therefore,
heterogeneous solution with magnetite under anaerobic como changes in the concentrations of Np(V) or Fe(ll) were
detected, as predicted by Eq. (5).
Comparing Egs. (3) and (5), the reduction rate of Np(V)
in heterogeneous solution contacting a magnetite was 1000
times higher than that in the homogeneous solution phase.
Thek value, 10 x 104 s, in Eq. (3) includes an effect of
the Fe(ll) concentration on the surface of magnetite. How-
ever, the amount of Fe(ll) on the surface of magnetite was
2 x 10" mol m~2 from the surface sorption site density [10],
which is equivalent to 4 10 molL~* under experimen-
tal conditions in which the mass of the solid phase was
3 g and the volume of the liquid phase was 150 mL. There-
fore, even if the effect of Fe(ll) concentration is taken into
‘ ‘ : consideration, the reduction rate of Np(V) in solution con-
0 2 4 6 tacting magnetite was 1000 or more times higher than that in
Time (h) the homogeneous solution. Previous investigations revealed

Fig. 2. IN((INPmag(D lanaerobic-[NPmag(®) lanaerond /9.0 x 10°7) versus time & Possibility tha_t Fe(ll)-bearing minerals_ ac@ed as cata]ysts
under anaerobic condition. Initial concentration i8 & 10-° mol L~ for redox reactions [4, 11]. Thefore, this higher rate in

1

-0.40 -

~ -0.80 -

([Npmag(l)] anaerobic [Npmag(t)]aerobic)
/9.0x10°

-1.6 -

In{1




148 K. Nakataet al.
¢ T T T T a9
= 210 ¢ ¢ ¢ ¢ . "’:; Lo ¢ 5 3x10° .
£ Np(V) g 20 g; ) o - £
£ g Fe(Il) g
2 Ix10° 4 3 oL | % 5
5 2 F 2x10 i
o Np(1V) b Fe(III) =
Z = i 4 o
ITENE '3 5
100 150 200 0 50 100 150 200 ® 1x10 -
Time (h) Time (h) g
@ Np(V) - Np(IV) ® Fe(Il) - Fe(I1I) e
o)
Fig.3. Concentration of Np and Fe ions as a function of time at O 0 ‘ L=
pH=6.0 in Q1 molL-* NaNO; solution under aerobic condition. The 0 10 20
initial concentration of both Np(V) and Fe(ll) are2x 10 mol L. Time (d)
(a) Concentration of Np(V)-Np(lV), i) Concentration of Fe(ll)— ] ] ) ) ]
Fe(lll). Fig.5. The concentration of Fe(ll) ion dissolved from magnetite

(surface area was.@n?g) as a function of time at pH6.0 in
0.1 mol L= NaNQ; solution under anaerobic condition. The amount of

the heterogeneous solution contacting a magnetite than ifiagnetite is 2g and volume of liquid phase is 100 mL.
homogeneous solution indicates that Np(V) is reduced by
Fe(ll), not in the homogeneous solution but at the interface
between the magnetite and the solution. As shown in Fig. 5, the concentration of Fe(ll) was, at
To examine whether Np(V) is reduced by Fe(ll) ions re- most, 20 x 10-® molL~ even after 14d. As indicated by
leased from the magnetite into the solution or by Fe(ll) onEg. (5), the concentration of Fe(ll) ions dissolved from mag-
the surface of the magnetite, two experiments were carriedetite after 14d is as low as.®< 10°molL™?, and no
out. One was the sorption experiment using two kinds ofsignificant amount of Np(V) would be reduced by the Fe(ll)
magnetite with different surface areas (1.0 andr? g?) ions dissolved from magnetite alone. These results indi-
under the anaerobic condition. The other was the dissolueate that the reduction of Np(V) proceeds on the surface of
tion experiment of Fe(ll) ion from magnetite at pH6.0  magnetite.
in 0.1 molL~* NaNG; solution under the anaerobic condi-
tion. The results of the sorption and dissolution experiment
are summarized in Figs. 4 and 5. As shown in Fig. 4, the™
sorption kinetics of Np(V) on magnetite under the anaer-
obic condition were influenced by the surface area of theThe change in the oxidation state of neptunium sorbed on
magnetite. The reduction rate of Np(V) in heterogeneous somagnetite was investigated as a function of the time in con-
lution contacting magnetite calculated from Fig. 4 increasedact with neptunium solution and magnetite using the ex-

2 Determination of the change of the oxidation state
of sorbed neptunium

with increasing surface area of magnetite as follows: traction technique. Table 1 shows the fraction of Np(IV)
dINp(V)] extracted from magnetite as a function of the time. Fig. 6
= 1.6x 10 [Np(V)] (molL™ts™) shows the fraction of Np(IV) extracted from magnetite under

the anaerobic condition. The neptunium extracted in the xy-
lene phase was regarded as Np(IV) in this experiment. The
fractions of Np(IV) were calculated by

(surface area=2.0n?g™").  (6)

—~ Np(IV) fraction =
2 0.0 = T = [Np in xylene phase]
—= Surface area - . 100.
= S [Np in xylene phase} [Np in aqueous phaseﬁ
é“ =1.0(m"g) (7
z
= & oL i As shown in Table 1, the fractions of Np(IV) and Np(V)
2 =2 extracted from magnetite were completely different between
=
=, Surface area
Qg 201 220(m? o’ Tablel. The fraction of Np(IV) and Np(V) extracted from magnetite
Z. P =20m g) n and hematiteersusthe time in contact with Np solution in®mol L
- NaNG; solution under aerobic and anaerobic conditions.
N \ \ \ |
= 0 2 4 6 Condition Time in contact  Np(IV) (%)  Np(V) (%)
Time (h)
) . . Anaerobic 5h 49.3 50.7
Fig.4. The amount of sorbed neptunium on magnetite (surface areanaarobic 1d 721 27.9
was 1.0 and Dn?g?) as a function of time at pH5.7 to 5.9 Anaerobic 2d 75'1 24'9
in 0.1 molL~* NaNG; solution under anaerobic condition showed Anaerobic 7d 68:3 31:7
by ln{l_ ([Npmag(t)]anaerobic_[Npmag(t)]anaerobi()/9~0 X 107} Versus time- Aerobic 7 d 10.0 90.0
The initial concentration of Np(V) is.8x 10°molL™*. The amount  omatite anaerobic 74 20 98.0

of magnetite is 1 g and volume of liquid phase is 50 mL.



Reduction rate of neptunium(V) in heterogeneous solution with magnetite

149

A Fraction of Np(IV)

O Sorption under anaerobic condition

o \ 2 | \ 80
= 8x107 - O O
H Ao " .
2 g
k3] o
:
g 7 -40 =
= 4x10 B %
'-O P
£ ° =
A S
o
Z 0

! ! ! 0

0 100 200

Time (h)

Fig.6. The fraction of Np(IV) extracted from magnetite as a func-

4. Conclusions

In this study, sorption kinetics under anaerobic and aerobic
conditions was investigated to calculate the reduction rate in
heterogeneous solution contacting magnetite.inn@ol L-*
NaNQ; at pH=5.7 to 5.9. The sorption came to an equilib-
rium in 1 h under anaerobic condition. On the other hand, it
took 10 h or more to reach the equilibrium under the anaer-
obic condition. From the results of extraction by HNénd
TTA solution, it was shown that the different sorption kinet-
ics between the aerobic and anaerobic conditions were due
to the reduction of Np(V) to Np(lV) that occured under the
anaerobic condition.

Considering the difference in sorption kinetics under
the aerobic and anaerobic conditions, the reduction rate of
Np(V) by Fe(ll) in magnetite was calculated in a heteroge-
neous solution contacting magnetite witl® i’ g=* of the
surface area.

The reduction rate of Np(V) in heterogeneous solution
contacting magnetite was 1000 or more times higher than

tion of time and amount of sorbed neptunium as a function of time atthat in homogeneous solution. This higher rate in the het-

pH=5.7 to 5.9 under aerobic condition. Initial concentration of Np(V)
is 1.8 x 10°molL~*. The amount of magnetite is 1 g and volume of
liquid phase is 50 mL.

erogeneous solution contacting a magnetite than in homoge-
neous solution indicates that Np(V) is reduced by Fe(ll), not
in the homogeneous solution but at the interface between the
magnetite and the solution.

the aerobic and anaerobic conditions. The results of these
extraction experiments indicate that the dominant oxidation
state of Np sorbed on magnetite under anaerobic condi*
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